I wonder whether the solution to the problem of understanding the origins of life lies not in recreating the chemistry that makes up current biology but rather in understanding the process through which life emerges from the ''dead'' or inorganic world. If you think about it, at the origin of life before the advent of cells, the wider ecosystem, and the products of biology, the world was devoid of complex molecules and systems created by Darwinian evolution. So how and where did life form in the first place? Was there a single genesis event?
What is the probability of the origins of life? If there were two separate events, would they yield the same outcome? Answering any of these questions would arguably be one of the most profound achievements of modern science. We would be able to understand whether we are alone in the universe, figure out how far life might extend into our solar system, and determine what the future of life on Earth might look like.
From a simplistic point of view, if we assume that the newly formed planet Earth was dead and the origin of life occurred on Earth, then it would be safe to assume (at least initially) that the wider environment controlled the emergence of life via chemical reactions (in seas, lakes, ponds, puddles, and vesicles). These reactions then produced molecules or polymers that could become evolvable, and biological systems emerged. Given that biology is ''chemistry with history,'' one of the greatest challenges facing today's chemists is understanding how chemistry becomes historical. Today many researchers are turning their skills to exploring the origins-of-life problem, and with this, many new avenues are being explored. One important approach is the synthesis of ''prebiotically plausible'' molecules, 1 which uses target-driven organic chemistry to achieve incredible feats of synthesis under conditions that might be thought to be present on the early Earth. Although I think this is an exciting and fruitful endeavor, I wonder whether a processor phenomenon-driven search might also help chemists break free from the historically constrained (and often revised) notion of which molecules and reactions are prebiotically plausible (opening up more avenues of research to expand the effort, funding, and excitement). Aiming for simple chemistry first rather than prebiotic plausibility might be the first step to relaxing the target-based reaction searches that dominate origins research today. This is because, rather than arguing for prebiotically plausible chemistry, we could start conceiving simple chemical systems that could withstand dilution, concentration, heat, light, etc. But more importantly, by abandoning the need for a single target, we will need to explore complex messy systems, and these might lead to another transition in origins research.
However, what if we went even further to replace a chemistry-first origin of life with an evolution-first paradigm? 2 In our laboratory, we have been combining robotics that search formulations of simple model protocell droplets by using evolutionary algorithms to evolve droplets that lack any polymer genome (Figure 1 are setting out to explore the realtime assembly of a new biology in the lab, on the fly. I think the key is to start with simple components to develop simple chemical systems that can become complex. But how can a target-free origin of life help us make progress? I argue that the development of molecular networks (that is, molecules that are linked by reactions that feed other reactions that produce by-products that feed the previous reactions) could be the route by which evolvability arises. This means that the network of interacting molecules forms a primitive memory that functions in a manner similar to that of the genome found in modern biology. However, this ''non-written'' memory has a finite storage limit, which imposes a limitation on the number of available functions and hence the ability for the system to respond, adapt, and ultimately evolve in a range of different environments.
Taking this argument further, I suggest that the current state of biology can be explained only by a series of other biologies, each successively layered upon each other and each differing in the effective complexity, memory, and evolvability of the systems that define each biology. Ultimately, the reduction of biology to inorganic chemistry can then effectively be measured in the complexity of each biology in terms of function, evolvability, and effective genome size. This suggestion is a departure from the all-or-nothing living world that characterizes the current targets (which are in my view unreasonable) given to the chemist to achieve. This means that we can we take a new approach not only to the origins of life but also to producing an artificial life that starts the complexity ladder from simple to historical chemistry. By attempting this approach, we might be able to avoid the information catastrophe associated with the RNA-beforelife world and replace this with a transition from one biology to another that adopts RNA. This information catastrophe occurs because the number of specified parameters allowing the synthesis of RNA precursors and functional from simple starting points, we will need to shift our focus from the many ''origins'' paradigms (RNA, peptide, lipid, and worlds) that are currently the focus of researchers exploring prebiotic chemistry to a more integrated approach. This is not an easy shift. A multidisciplinary effort that introduces machine learning, network In step 1, the formulations are selected from the computer database's ''genome,'' and in step 2, the robotic process starts and the chemicals are mixed into a formulation ready for droplet formation. In step 3, the formulations are used for creating protocell droplets in a Petri dish. In step 4, image analysis is used for categorizing and quantifying protocell behavior, and in step 5, a fitness test is used for deciding which of the protocell assemblies ''survive.'' In step 6, the evolutionary process mates surviving individuals and introduces mutations. Finally in step 7, new offspring are produced, and the evolutionary program creates a new generation ready for step 1 to start again after the robot has cleaned the Petri dish.
theory, -omics techniques, and automated workflows and also abandons the molecule in favor of complexity is called for. But if researchers working across the disciplines could make this leap, then we might be able to come up with origin-of-life models that explain the nature of modern biology. We might be able to target the synthesis of entirely new life forms in the laboratory much faster than the millions of years needed for the emergence of life on Earth. As Prof. Tor points out, contemporary biological cells (and presumably the last universal common ancestor 1 ) are complex interconnected networks of chemical processes whose dynamic and periodic fluctuations constitute a far-from-equilibrium system. Therefore, by adopting a systems view of living, we are effectively changing our optic on the problem, and it is this change that I believe will ultimately prove to be of great value.
As chemists, when we look at biological life, we see chemicals of course! We see reactions between them-exchanges of energy from one part of the system to another and between the system and environment. We also see how the intricate and regulated mechanistic interplay between large molecular ensembles (DNA, RNA, and ribosomes) leads to the synthesis of new classes of large molecular assemblies (proteins), which subsequently have some functional value to the system itself. We ask how these molecules came to be, why these reactions occurred and not others, and how the complex interconnectedness of the system was built and regulated. These are valid questions, yet the traditional prebiotic chemistry tool in trying to answer such questions is reductionist, and such a method has a rather fine-grained optic. Adopting a systems approach allows for a more coarse-grained view of the problems. A focus on energy transduction, as flagged above, is one that provides several valuable insights in my view. Biological (cellular) systems are essentially complex chemical factories for the dissipation of energy from one form to another. They are, as Prigogine pointed out, examples of far-fromequilibrium arrangements whose thermodynamic properties are conducive to building complexity 2 through stochastic, spontaneous, self-organizing behavior. Prigogine called such arrangements dissipative systems, and they allow us to widen the optics of the systems view even further. Prigogine illustrates this himself by pointing out that dissipative systems are not solely the province of biology; they can also be found all around us in the form of rivers, volcanoes, civilizations, cities, weather patterns, our own planet, our solar system, galaxy clusters, and our universe itself. All such structures share a common drive toward transducing energy and using
